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Kawai and co-workers have advanced a number of ideas on fluorine-centered non-
covalent bonding formed between the fully-fluorinated aromatic compounds 
phenyleneethynylene (1,2-bis[2,3,5,6-tetrafluoro-4-[(2,3,4,5,6-
pentafluorophenyl)ethynyl]phenyl]ethyne (BPEPE-F18). 1 The study has rapidly attracted 
considerable attention because it displayed attraction between negative sites, leading to unusual 
bonding topologies that were essential for the design of ordered supramolecular architectures on 
a metal surface. An interaction of this type is recently shown not just limited to the fluorine atom 
in molecules, but is also extended to other halogen derivative in other molecules that have 
assisted in the design materials of similar kind.2 The authors of the study1 have claimed the 
intermolecular interactions they identified are observed by them for the first time, but these have 
in fact been known for decades but were under-appreciated. We offer five comments on the 
conclusions made by Kawai et al.1, which we believe to be incorrect and misleading. 
Before we proceed to comment on their study, we want to clarify the underlying concept 
of a σ-hole. It is a concept that has explained many phenomena in a wide range of chemical 
systems. We have received comments from some anonymous reviewers of our work that advance 
the notion that a σ-hole is always positive and that it is misleading to say a σ-hole can be 
negative. Several reports have appeared which put forward this contention, leading to significant 
misunderstanding and controversy. Similar statements are found in the paper on which we offer 
comment,1 in which the authors have stated that there is no σ-hole on the fluorine in the chemical 
systems examined yet they still form directional interactions.  
 
What is a σ-hole? Do we understand it?  
Answer: Despite many (thousands) articles published on σ-hole centered halogen 
bonding since 2007, there has been a great deal of confusion about its underlying concept. This 
has prompted the originators of the concept to recently revisit the topic in order to reclarify its 
conceptual foundations.3 By definition, a σ-hole has literally nothing to do with a hole; it refers 
to a tiny region on the surface of a covalently bonded atom in a molecule, which is deficient of 
electron density. Through the mapping between isoelectron density and electrostatic potential, 
some researchers color this region in blue, in green, or even in red, depending on their choice of 
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presentation. This coloring scheme should not and cannot lead to a belief that the σ-hole is 
always positive (as often assumed). Thus, when we refer to a region as being “electron deficient” 
along the outer extension of an R–X covalent σ-bond (X = F, Cl, Br, I; R = remainder part of the 
molecule), we are actually comparing this electron deficiency on the outer portion of atom X 
with the lateral sides of the same atom in the same molecule. Because there is always a mismatch 
between charge densities of the axial and lateral sides of atom X, this has been called as an 
anisotropic distribution of the charge density. Because of this specific feature, researchers have 
attributed this amphoteric nature of the atom X to what has been termed “a fallacy of net atomic 
charges”.4-5 
Is there any way to quantify a σ-hole?  
Answer: A σ-hole on halogen X along the outermost extension of a R–X covalent bond 
can be positive, negative, or even neutral.4, 6-10 Conceptual DFT can provide evidence for the 
existence of a σ-hole on fluorine, as has been discussed elsewhere.11  The often used formalism 
is to quantify and visualize this through the molecular electrostatic surface potential (MESP) 
approach. As such, the nature and strength of σ-hole on atom X has been judged by the local 
maximum of electrostatic surface potential, Vs,max, along the outermost extension of the R–X 
bond.3, 10 Thus, if Vs,max < 0, one generally comes up with a σ-hole with negative electrostatic 
potential (which has been referred to as a negative σ-hole); if Vs,max > 0, one often recognizes this 
as a σ-hole with positive electrostatic potential (which is what has been found in most of the 
halogenated hydrocarbon compounds with X = Cl, Br and I and is called a positive σ-hole, or 
simply a σ-hole, or an electrophilic cap, and so on); and if there is no local maximum of 
electrostatic potential (Vs,max = 0), then the σ-hole is absent.7-8, 12  This accords with the view of 
Politzer and co-workers, according to whom the term “σ-hole” originally referred to the electron-
deficient outer lobe of a half-filled orbital of predominantly p character involved in forming a 
covalent bond. If the electron deficiency is sufficiently large, a region of positive electrostatic 
potential results which can interact attractively (non-covalently) with a negative site.10 The 
strength of the inter- or intramolecular interaction generally correlates well with the magnitudes 
of the positive and negative electrostatic potentials of the σ-hole (we called this positive and 
negative σ-holes, respectively) and the negative site (such as N in NH3).9 Positive σ-holes can 
also be found on covalently-bonded Group IV-VI atoms and can interact electrostatically with 
a negative site.3, 9 Nevertheless, it is worth stressing that the concept of a σ-hole has not always 
been fully understood and has led to contradictory statements such as, for example, the σ-hole in 
H3C–F, H3C–Cl and CF4 being neutral13 or negative,5, 14 and with the notion that the latter two 
cannot halogen bond.  Some of us,15-16 and others,17-18 have already proved some of these views 
to be perversely counterintuitive since H3C–Cl and CF4 can halogen bond as both of them feature 
weakly positive σ-holes, whereas that on H3C–F is entirely negative.  
These rationalizations, which are against the views of an anonymous reviewer, are in 
reasonable agreement with the most recent discussions provided in the paper of Politzer and 
coworkers where they revisit the concept of a σ-hole.3  As they write, “a covalently-bound atom 
typically has a region of lower electronic density, a “σ-hole”, on the side of the atom opposite to 
3 
 
the bond, along its extension”, clarifying the confusion that one should not assume a “σ-hole” to 
be always positive, as some of us have demonstrated previously on several occasions.7-8, 12 The 
authors have further clarified that the birth of the term, introduced in a conference in 2005, was 
initially used to denote the localized positive potentials on the outer sides of many univalent 
halogen atoms. However, it was soon recognized that it was more appropriate to use “σ-hole” to 
describe lower electronic densities that are found along the extension of σ bonds. They further 
clarify that “there is usually (but not always) a positive electrostatic potential associated with this 
lower electron density, i.e., a σ-hole, as initially found by Brinck et al. for univalent halogens. It 
is through this positive potential that attractive interactions with negative site occur.” They 
further conclude that “Fluorine, the least polarizable and most electronegative halogen, tends to 
have least positive potentials; in fact, the potentials due to its σ-holes are often negative, 
although less so the surrounding 0.001 a.u. contour. The fluorines then have negative Vs,max … 
these fluorines do have σ-holes”, a view which is indeed in line with our findings.7-8, 12 
A positive σ-hole of reasonable strength on X should always be visible on a 0.001 a.u. 
isoelectron density mapped molecular electrostatic surface.3, 9-10, 15 If it is very weak and Vs,max < 
0, it does not normally show up because of overlapping with the (very negative) lateral sides.3, 7-8, 
12
 In fact, it is a matter of graphical generation and manipulation using suitable constraints and 
presentation methods, which might assist to visualize a weak σ-hole. Also, we have 
demonstrated in a few instances that one has to be careful to use an appropriate computational 
method to glean insight into the nature of the σ-hole, whether it is weakly positive or negative. 
An inappropriate use of a computational method can otherwise lead to results that can be 
misleading.15-16  
On several occasions, the weakly positive or negative Vs,max on X along R–X cannot be 
visualized. But this certainly does not mean that the σ-hole is absent, as drawn in the Kawai 
paper.1 To clarify this, let us consider Figure 1h and i, in which, the Vs,max associated with the σ-
holes of the fluorine atoms in C6F5CN and C6F4(CN)2 are both positive (+0.74 and +4.80 kcal 
mol-1, respectively), but graphically do not show up. Similarly, the σ-hole on the fluorine along 
the C–F bond extensions in C6F6 (Figure 1a), in C6F5–X (Figure 1j (X =NO, l (X = OH) and r (X 
= SH)) and others are negative, but also do not show up. We attribute this as a shortcoming of 
the σ-hole theory, causing misunderstanding and misinterpretation of many underlying 
phenomena such as in the study of Kawai et al.1 The same argument as above applies, for 
example, to an intermolecular interaction A⋅⋅⋅X, as discussed by Murray and others.19 In 
particular, it was shown in that study that once the non-covalent interaction has been formed, the 
regions of negative and positive potential on A and X that were the driving force for it will not 
be visible in the final A⋅⋅⋅X complex as they will have been at least partially polarized during the 
formation of the interaction.19 This is a qualitative picture. Now the immediate question arises: 
can this intermolecular interaction be realized quantitatively through this model? The answer is 
no, there is no way to do this with this specific approach because there is no way to calculate the 
electrostatic potential on the surfaces of the atoms on the monomers in the complex since their 
4 
 
surfaces have already overlapped to form the complex, thereby leading to a shortcoming of the 
MESP model.  
1 – One of the claims in the paper of Kawai et al.,1 which appears in the abstract as 
well as in a later review by the same author,20 is that “fully fluoro-substituted aromatic 
molecules, on the contrary, are generally believed not to form halogen bonds due to the 
absence of a σ-hole”.  
Answer: This view is perversely counterintuitive since it refers to the traditional 
understanding of the reactivity of fluorine in molecules. The notion is in sharp contrast with 
many recent reports (for example7-8, 12, 15, 21-25), including some from the originators of the term 
‘σ-hole’,13, 26 in which F in a variety of fluorinated hydrocarbons does display a σ-hole.  
 
 
Figure 1.  PBE/6-311++G(2d,2p) level 0.001 a.u. isodensity mapped molecular electrostatic surface potential of 
some partially and fully fluorinated aromatic compounds. The maximum and minimum (Vs,max and Vs,min (in kcal 
mol-1) respectively) of MESP are shown on some fluorine atom in a few of these compounds, demonstrating 
anisotropy in the charge density. For clarity, yellow dots representing Vs,max are shown only for a few cases.  
 
We provide further evidence in support of our argument above by considering a wide 
range of fully and partially fluoridated aromatic systems, which have been energy-minimized in 
this study using Gaussian 0927 based density functional theory. Figure 1 illustrates the MESPs for 
these compounds. It shows that there are indeed σ-holes on the surfaces of F along the outer 
extensions of the C–F bonds, which are not visible. These are either positive or negative, which 
are determined by the negative and positive sign of Vs,max. 
2 – Kawai and co-workers1 used high resolution atomic force microscopy to study 
in-plane F⋅⋅⋅F contacts formed by the fully fluorinated BPEPE-F18 molecule. Figure 2 
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depicts the molecule (our result). While they did not report the actual values of electrostatic 
surface potentials for the axial and lateral sites of the fluorine of the C–F bonds (Vs,max and 
Vs,min, respectively), they claimed that the structure “contain[s] three C–F⋅⋅⋅F bonds among 
neighboring molecules. While the σ-hole is absent, the scheme of the C–F⋅⋅⋅F bonding has a 
high similarity to halogen bonding.” 
 
 
Figure 2. M062X/6-311++G(d,p) level 0.001 a.u. isodensity mapped molecular electrostatic surface potential 
(MESP) of BPEPE-F18. The maximum and minimum (Vs,max and Vs,min, respectively) of MESP around some 
fluorine atoms in this compound are displayed, showing the presence of a σ-hole with negative MESP (Vs,max < 0) 
along the outermost extensions of the C–F bonds.   
 
Answer: As can be seen from Figure 2, the σ-hole on the fluorine in BPEPE-F18 is not 
absent, as claimed by Kawai et al.1 As already discussed above, it is there, but bears a negative 
electrostatic potential (Vs,max < 0). A few of them on the fluorine atoms along C–F bonds are 
shown; their strengths are not all equal. Because the σ-holes on the fluorine in BPEPE-F18 are 
negative, and because the lateral sites of the same fluorine atoms are more negative (Vs,min < 0), 
the electron density profile of the F atom in BPEPE-F18  is anisotropic. The overlapping 
between the negative potentials of these sites does not permit the negative σ-hole to become 
visually distinguished. We further note that the σ-hole on the fluorine in BPEPE-F18 is so 
negative that its nature cannot be changed by changing the level of correlated theory and basis 
set. Nevertheless, the aforementioned anisotropic feature is common in halogens in 
alkylhalides, in which cases, the σ-hole is generally positive (later sides negative) that 
participates in halogen bonding (other noncovalent interactions).5, 28-29 
3 – The authors have stated that i) “Here, we present clear evidence that an 
anisotropically distributed negative electrostatic potential around a fluorine atom in a fluoro-
substituted aromatic molecule together with a large dispersion force induces a highly 
directional bonding and gives rise to a well ordered supramolecular structure on a Ag(111) 
surface at low temperature. ii) On this basis, we argue that the deep minimum of the energy 
versus θ curve, i.e., the high directionality of the C–F· · ·F bond, originating from the F–F 
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electrostatic interactions. iii) The dispersion force takes the major part in the attraction, but 
the driving force of the directional bonding is due to the anisotropically distributed 
electrostatic potential around the fluorine atoms. ”  
Answer: First, the three views i)-iii) do not match with each other.  Second, they are also 
incorrect since the directionality of the F⋅⋅⋅F interactions do not come from either dispersion 
(known to be non-directional) or electrostatics. It should be understood as a balance between all 
kinds of intermolecular interactions arising from electrostatics, exchange, repulsion, polarization 
and dispersion. In particular, the F⋅⋅⋅F interactions reported by Kawai et al should be understood 
as the mutual competition between attraction (polarization and dispersion) and repulsion 
(electrostatic and exchange repulsion), with the strength of the overall interaction being 
modulated by dispersion. A notion similar to that of Kawai et al. has recently been challenged by 
Thirman and colleagues,30 who have argued that the correlation of the binding energy with the 
negative or positive Vs,max associated with the σ-hole does not mean that halogen bonding should 
be and can be understood solely as electrostatically driven, since insofar as charge transfer is 
concerned, electrostatic effects play an important role in the stability of the interaction. This 
interesting study eventually led to the same conclusion as us that the equilibrium geometry of 
any chemical system should not be understood as a consequence of electrostatics only as argued 
by Stone,31 but rather is a balance between electrostatics, Pauli repulsion, charge transfer, 
polarization, and dispersion, among others, which have all different length scales depending on 
the nature of reactive sites interacting to form binary and large-scale complexes. These are 
collectively and simultaneously responsible for determining the overall interaction and the 
directionality, despite these energy components only emerging from rigorous treatment at 
different levels of decomposition of the binding energy. These conclusions also address the 
views of an anonymous reviewer who stated that some of the halogen assisted synthons in the 
molecular assemblies reported elsewhere32-33 would arise from the sum of the van der Waals 
attraction (London dispersion forces) and the electrostatic repulsion between terminating halogen 
atoms. 
 Although two types of interaction modes lead to the formation of the “wind-mill” 
topology the authors report, these were not correctly assigned. We call these interactions 
formed between the fluorine atoms of interacting monomers to be the consequence of the 
combination of two types bonding topologies, type-I and type-II halogen-centered non-
covalent interactions (Figure 3a). (Herein, we emphasize that halogen bonding and halogen-
centered non-covalent interactions are not the same thing). The former type, which is known 
to be dispersion driven, is typical of non-directional halogen· · ·halogen bonding.29 The latter is 
typical of type-II halogen-centered non-covalent fluorine bonding because it is directional, in 
which case there is a significant HOMO and LUMO overlap as a consequence of donation of 
electron density to the R−X antibonding orbital σ* orbital of the acceptor (an experimental 
view29). We, and others,29, 34-35 have reported intermolecular interactions of this type 
elsewhere.7-8, 12 It should therefore be understood that the type-I and type-II interaction 
topologies responsible for the development of “windmill” type synthons are a consequence of 
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competition between all sorts of interacting forces. Desiraju et al. classified type-I and type II 
interactions as symmetrical and bent interactions, respectively.36  
4 – The authors of paper have argued that “However, fluorine has the strongest 
electronegativity and a low polarizability, so that it usually has no σ-hole. The σ-hole is 
strongly affected by the electron attracting power, and so, for instance, the cyano moiety 
behind the C–F bond in FCN and the oxygen in hypofluorite can induce a σ-hole. 
However, if the electron extraction is not strong enough, F has an intrinsic negative 
electrostatic potential. Simple fluorosubstituted hydrocarbons, such as C6F6 and CF4, are 
categorized as the latter case. Thus, the halogen bond in such molecules is rarely seen in 
analyses of crystal structure databases and the stronger C–F⋅⋅⋅π interaction generally 
dominates. Therefore, analyses of bulk crystal structures cannot reveal the F⋅⋅⋅F contact. 
Since, however, the freedom of molecules on a surface is restricted, the in-plane 
intermolecular interaction at the F⋅⋅⋅F contact can readily be investigated.” [This view is 
reported in the original paper and is repeated elsewhere.20] 
Answer: The statements italicized above are incorrect. We argue against this 
suggestion because no matter how and which way the fluorine is involved to form a molecule, 
there will always be a local electrostatic potential (Vs,max) on its surface along the outermost 
extension of the R–F σ-bond (Figure 1). It (the σ-hole) can be either positive or negative, or 
even neutral in very rare cases. Introduction of a strongly electron-withdrawing group R such 
as –CN can only tune the nature of the σ-hole from negative to positive. This enforces the 
electron deficient σ-hole to form a relatively stronger intermolecular interaction with a 
negative site.  
The assertion that because of its high electronegativity and low polarizability, the F 
atom in aromatic- and alkyl-fluorides such as C6F6 and CF4 bears no σ-hole has recently been 
challenged by us.15 For instance, we have recently examined both C6F67-8 and CF415 and their 
complexes with several negative sites localized on different molecules. We showed that the σ-
holes on the surfaces of the F atom along the C–F bond extensions in CF4 are weakly positive 
(Vs,max = +0.45 kcal mol-1 at the MP2/6-311++G(2d,2p) level), a finding which is in sharp 
contrast with the contention made by Kawai et al.1 Similarly, in two other studies, we have 
shown that the Vs,max associated with the σ-holes on F along the C–F bond extensions in C6F6 
are negative (viz. Figure 1a). Indeed, these findings are clearly in sharp contrast with the 
views of Kawai and coworkers that assumes no σ-holes on F. It is also counter to the opinion 
of an anonymous reviewer who stated that the F along the C–F bond extensions in C6F6 will 
be weakly positive with MP2. We make it clear that no matter what level of theory used, our 
demonstration7-8 that the fluorine in C6F6 will always be entirely negative is always valid, 
with the potential along the axial sites (σ-holes) always smaller than the lateral sites because 
the electron densities of the lone-pairs dominate. To prove this, we have energy-minimized 
C6F6 with MP2 level of theory in conjunction with two different basis sets 6-31+G(d) and 6-
311++G(2d,2p), and then calculated MESPs on both the geometries (as we did this with PBE, 
Figure 1a). These calculations with MP2 show that the Vs,max and Vs,min associated with the 
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axial (σ-hole) and lateral sites are respectively –3.50 and –6.51 kcal mol-1 with the former 
basis set, and –3.00 and –5.82 kcal mol-1 respectively with the latter basis set.   
We comment further that the crystal structure of CF4 is stabilized by various type-I and 
type-II halogen centered non-covalent interactions as discussed elsewhere.15 Therefore, the 
experimental and theoretical results on CF4 are against the claims of Kawai et al., which 
means that the suggestion that the halogen bond in such molecules is rarely seen in analyses 
of crystal structure databases and the stronger C–F⋅⋅⋅π interaction generally dominates, is not 
at all true for CF4.  
5 – Is this kind of C–F···F–C bonding interactions observed by Kawai et al. driven 
by metal surfaces (and packing and solid state effects) as generally believed and as reported 
in several other papers?  
 To answer this most important question, we have carried out gas phase calculations on 
the dimers, trimers and tetramers of C6F6.7 Similar calculations were performed for derivatives 
of pentafluorophenylethynyls (Figure 2). From these gas phase results, it can readily be 
concluded that the C–F···F–C bonding between the negative sites is not a consequence of 
solid state and surface effects, as has been contended.1 It is rather the consequence of the 
nature of the fluorine in the fully-fluorinated aromatic compounds that govern such unified 
topologies of bonding interactions, which they mimic the observations in the solid state; they 
are largely driven by the effects of polarization and dispersion.7-8 This view is in agreement 
with Baker et al.37 who have examined the solid state structures of three compounds that contain 
a perfluorinated chain, CF3(CF2)5CH2CH(CH3)CO2H, CF3(CF2)5(CH2)4(CF2)5CF3 and 
(CF3(CF2)5CH2CH2)3P═O, and have identified a number of C–F···F–C and C–F···H–C 
interactions that are closer to the sum of the van der Waals radii of the two fluorine atoms. These 
authors have undertaken a comprehensive computational chemistry investigation with Quantum 
Theory of Atoms in Molecules and have confirmed the specific C–F·· ·F–C interactions they 
identified are certainly not due simply to crystal packing. 
 
 
Figure 3. Geometries of the (C6F6)2 (a and a′), (C14F10)2 (b), and (C22F14)2 (c) binary complexes. The structures in a) 
and b) were energy-minimized with M06-2X/6-311++G(d,p), while c) is the direct experimental geometry collected 
from the Cambridge Structural Database (ref codes BEWZEJ and BEWZEJ01).38 In the first two cases, the F⋅⋅⋅F 
type-II directional bonding is clearly evident, while in a′) and c) the occurrence of the type-I topology between the 
same atoms is not surprising. 
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As indicated by the dotted lines in Figure 3a, each C–F bond points to a fluorine atom 
on an adjacent molecule, which results in highly directional C–F· · ·F bonds (~180°). A 
consequence of this is the appearance of another F· · ·F diagonal interaction, with C–F· · ·F 
bond angles ~120°, which can be understood as a sort of forced interactions. These directional 
features are the same as the halogen bonding,29, 36 since halogen bonding interactions are 
known to the community as type-I and type-II, in which, the latter are commonly understood 
as the consequence of a positive site on the halogen and the negative site and the former as 
dispersion dominant (non-directional). Clearly, despite the geometrical similarity, the various 
interactions identified by Kawai et al.1,20 as well as those in Figure 3, cannot and should not 
be called halogen bonding as this potentially will create significant controversy about the 
general understanding and definition of halogen bonding.  
In all cases, the F· · ·F distance is close to 300 pm, which is slightly larger than twice 
the van der Waals radius of fluorine (294 pm). These geometrical features indicate that these 
bonds do not differ from a typical halogen· · ·halogen (type-I) bonds,29, 36 even though the 
interacting species forming these interactions are entirely negative. 
 
 
AUTHOR INFORMATION 
Corresponding Author 
*E-mail: pradeep@tcl.t.u-tokyo.ac.jp 
 
ACKNOWLEDGMENTS 
AV, PRV and KY thank Institute of Molecular Science, Okazaki, Japan for supercomputing 
facilities received for all calculations, and thank CREST project for generous funding (Grant No. 
JPMJCR12C4).  HMM thanks the National Research Foundation, Pretoria, South Africa, and the 
University of the Witwatersrand for funding. 
 
REFERENCES 
 
1. Kawai, S.; Sadeghi, A.; Xu, F.; Peng, L.; Orita, A.; Otera, J.; Goedecker, S.; Meyer, E., 
Extended halogen bonding between fully fluorinated aromatic molecules. ACS Nano 2015, 9, 
2574-2583. 
2. Huang, H.; Tan, Z.; He, Y.; Liu, J.; Sun, J.; Zhao, K.; Zhou, Z.; Tian, G.; Wong, S. L.; 
Wee, A. T. S., Competition between Hexagonal and Tetragonal Hexabromobenzene Packing 
on Au(111). ACS Nano 2016, 10 (3), 3198-3205. 
3. Politzer, P.; Murray, J. S.; Clark, T.; Resnati, G., The s-hole revisited. Phys. Chem. 
Chem. Phys. 2017, 19, 32166-32178. 
10 
 
4. Politzer, P.; Murray, J. S.; Clark, T., Halogen bonding: An electrostatically-driven 
highly directional noncovalent interaction. Phys. Chem. Chem. Phys. 2010, 12, 7748-7757. 
5. Clark, T., σ-Holes. Wiley Interdiscip. Rev. Comput. Mol. Sci 2013, 3, 13−20. 
6. Bauzá, A.; Frontera, A., Electrostatically enhanced F•••F interactions through 
hydrogen bonding, halogen bonding and metal coordination: an ab initio study. Phys. Chem. 
Chem. Phys. 2016, 18, 20381-20388. 
7. Varadwaj, P. R.; Varadwaj, A.; Jin, B.-Y., Unusual bonding modes of 
perfluorobenzene in its polymeric (dimeric, trimeric and tetrameric) forms: entirely negative 
fluorine interacting cooperatively with entirely negative fluorine. Phys. Chem. Chem. Phys. 
2015, 17, 31624-31645. 
8. Varadwaj, A.; Varadwaj, P. R.; Jin, B.-Y., Can an entirely negative fluorine in a 
molecule, viz. perfluorobenzene, interact attractively with the entirely negative site (s) on 
another molecule (s)? Like liking like! RSC Adv. 2016, 6, 19098-19110. 
9. Politzer, P.; Murray, J. S.; Clark, T., Halogen bonding and other σ-hole interactions: A 
perspective. Phys. Chem. Chem. Phys. 2013, 15, 11178-11189. 
10. Murray, J. S.; Lane, P.; Politzer, P., Expansion of the σ-hole concept. J. Mol. Model. 
2009, 15, 723-729. 
11. Tognetti, V.; Morell, C.; Joubert, L., Quantifying electro/nucleophilicity by 
partitioning the dual descriptor. J. Comput. Chem. 2015, 36, 649-659. 
12. Varadwaj, A.; Varadwaj, P. R.; Yamashita, K., Do surfaces of positive electrostatic 
potential on different halogen derivatives in molecules attract? like attracting like! . J. Comput. 
Chem. 2018, 39, 343-350. 
13. Clark, T.; Hennemann, M.; Murray, J. S.; Politzer, P., Halogen bonding: The σ-hole. J. 
Mol. Model. 2007, 13, 291-296. 
14. Brinck, T.; Murray, J. S.; Politzer, P., Surface electrostatic potentials of halogenated 
methanes as indicators of directional intermolecular interactions. Int. J. Quantum Chem. 1992, 
44, 57-64. 
15. Varadwaj, A.; Varadwaj, P. R.; Jin, B.-Y., Fluorines in tetrafluoromethane as halogen 
bond donors: Revisiting address the nature of the fluorine's σ-hole. Int. J. Quantum Chem. 
2015, 115, 453-470. 
16. Varadwaj, P. R.; Varadwaj, A.; Jin, B.-Y., Halogen bonding interaction of 
chloromethane withseveral nitrogen donating molecules: addressing thenature of the chlorine 
surface σ-hole. Phys. Chem. Chem. Phys. 2014, 16, 19573-19589  
17. Tawfik, M.; Donald, K. J., Halogen bonding: unifying perspectives on organic and 
inorganic cases. J. Phys. Chem. A. 2014, 118, 10090-10100. 
18. Donald, K. J.; Tawfik, M., The Weak Helps the Strong: Sigma-Holes and the Stability 
of MF4·Base Complexes. J. Phys. Chem. A 2013, 117, 14176-14183. 
19. Murray, J. S.; Politzer, P., The electrostatic potential: an overview WIREs Comput. 
Mol. Sci. 2011, 1, 153–163. 
11 
 
20. Kawai, S., Revealing mechanical and structural properties of molecules on surface by 
high-resolution atomic force microscopy. Polymer Journal 2016, 49, 3-11. 
21. Chopra, D.; Guru Row, T. N., Role of organic fluorine in crystal engineering. 
CrystEngComm 2011, 13, 2175-2186. 
22. Sirohiwal, A.; Hathwar, V. R.; Dey, D.; Regunathan, R.; Chopra, D., Characterization 
of fluorine-centred 'F...O' σ-hole interactions in the solid state. Acta Crystallogr. Sec. B 2017, 
73, 140-152. 
23. Pavan, M. S.; Prasad, K. D.; Guru Row, T. N., Halogen bonding in fluorine: 
experimental charge density study on intermolecular F---F and F---S donor-acceptor contacts. 
Chem. Commun. 2013, 49, 7558-7560. 
24. Wilcken, R.; Zimmermann, M. O.; Lange, A.; Joerger, A. C.; Boeckler, F. M., 
Principles and Applications of Halogen Bonding in Medicinal Chemistry and Chemical 
Biology. J. Med. Chem. 2013, 56, 1363-1388. 
25. Sirimulla, S.; Bailey, J. B.; Vegesna, R.; Narayan, M., Halogen Interactions in 
Protein–Ligand Complexes: Implications of Halogen Bonding for Rational Drug Design. J. 
Chem. Info. Model. 2013, 53, 2781-2791. 
26. Murray, J. S.; Lane, P.; Clark, T.; Politzer, P., σ-hole bonding: Molecules containing 
group VI atoms. J. Mol. Model. 2007, 13, 1033-1038. 
27. M. J. Frisch; G. W. Trucks; H. B. Schlegel; G. E. Scuseria; M. A. Robb; J. R. 
Cheeseman; G. Scalmani; V. Barone; B. Mennucci; G. A. Petersson; H. Nakatsuji; M. 
Caricato; X. Li; H. P. Hratchian; A. F. Izmaylov; J. Bloino; G. Zheng; J. L. Sonnenberg; M. 
Hada; M. Ehara; K. Toyota; R. Fukuda; J. Hasegawa; M. Ishida; T. Nakajima; Y. Honda; O. 
Kitao; H. Nakai; T. Vreven; J. A. Montgomery, J.; J. E. Peralta; F. Ogliaro; M. Bearpark; J. J. 
Heyd; E. Brothers; K. N. Kudin; V. N. Staroverov; R. Kobayashi; J. Normand; K. 
Raghavachari; A. Rendell; J. C. Burant; S. S. Iyengar; J. Tomasi; M. Cossi; N. Rega; J. M. 
Millam; M. Klene; J. E. Knox; J. B. Cross; V. Bakken; C. Adamo; J. Jaramillo; R. Gomperts; 
R. E. Stratmann; O. Yazyev; A. J. Austin; R. Cammi; C. Pomelli; J. W. Ochterski; R. L. 
Martin; K. Morokuma; V. G. Zakrzewski; G. A. Voth; P. Salvador; J. J. Dannenberg; S. 
Dapprich; A. D. Daniels; Ö. Farkas; J. B. Foresman; J. V. Ortiz; Cioslowski, J.; Fox, D. J. 
Gaussian 09, Revision A 02; Gaussian, Inc.: Wallinford, CT, 2009. 
28. Murray, J. S.; Macaveiu, L.; Politzer, P., Factors affecting the strengths of σ-hole 
electrostatic potentials. J. Comput. Science 2014, 5 (4), 590-596. 
29. Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; Terraneo, 
G., The halogen bond. Chem. Rev. 2016, 116, 2478-2601. 
30. Thirman, J.; Engelage, E.; Huber, S. M.; Head-Gordon, M., Characterizing the 
interplay of Pauli repulsion, electrostatics, dispersion and charge transfer in halogen bonding 
with energy decomposition analysis. Physical Chemistry Chemical Physics 2018, 20 (2), 905-
915. 
31. Stone, A. J., Are Halogen Bonded Structures Electrostatically Driven? J. Am. Chem. 
Soc. 2013, 135, 7005-7009. . 
12 
 
32. Han, Z.; Czap, G.; Chiang, C.; Xu, C.; Wagner, P. J.; Wei, X.; Zhang, Y.; Wu, R.; Ho, 
W., Imaging the halogen bond in self-assembled halogenbenzenes on silver. Science 2017, 
358, 206-210. 
33. Neaton, J. B., A direct look at halogen bonds. Science 2017, 358, 167-168. 
34. Johansson, M. P.; Swart, M., Intramolecular halogen–halogen bonds? Phys. Chem. 
Chem. Phys. 2013, 15, 11543-11553. 
35. Yahia-Ouahmed, M.; Tognetti, V.; Joubert, L., Halogen–halogen interactions in 
perhalogenated ethanes: An interacting quantum atoms study. Comput. Theo. Chem. 2015, 
1053, 254-262. 
36. Desiraju, G. R.; Parthasarathy, R., The nature of halogen.cntdot..cntdot..cntdot.halogen 
interactions: are short halogen contacts due to specific attractive forces or due to close 
packing of nonspherical atoms? J. Am. Chem.  Soc. 1989, 111 (23), 8725-8726. 
37. Baker, R. J.; Colavita, P. E.; Murphy, D. M.; Platts, J. A.; Wallis, J. D., Fluorine–
Fluorine Interactions in the Solid State: An Experimental and Theoretical Study. The Journal 
of Physical Chemistry A 2012, 116 (5), 1435-1444. 
38. Watt, S. W.; Dai, C.; Scott, A. J.; Burke, J. M.; Thomas, R. L.; Collings, J. C.; Viney, 
C.; Clegg, W.; Marder, T. B., Structure and Phase Behavior of a 2:1 Complex between Arene- 
and Fluoroarene-Based Conjugated Rigid Rods. Angew. Chem., Int. Ed. 2004, 43, 3061-3063. 
 
  
